Abstract. Sublingual administration of certain buffered propranolol may improve the rate and extent of absorption compared to oral administration. The main objectives of this study were to (1) compare the plasma propranolol concentrations (Cp-prop) following sublingual administration of a specially buffered formulation (Promptol™) to that following oral administration of Inderal ® and (2) evaluate the utility of a special pharmacokinetic model in describing the Cp-prop following sublingual administration. Eighteen healthy volunteers received 10 mg sublingual Promptol™ or oral Inderal ® . Multiple Cp-prop were determined and their pharmacokinetics compared. Additional data following sublingual 40 mg Promptol™ or Inderal ® were utilized for evaluation of a special advanced compartmental absorption and transit (ACAT) model. For model simulation, the physicochemical parameters were imported from AMET predictor, whereas the pharmacokinetic parameters were calculated and optimized by Gastroplus ® . Based on this model, the quantity of drug absorbed via buccal/sublingual mucosa was estimated. Cp-prop was higher at earlier times with 3-fold greater relative bioavailability following sublingual Promptol™ compared to that from oral Inderal ® . The special ACAT model provided excellent goodness of fit of Cp-prop-time curve and estimated a 56.6% increase in absorption rate from Promptol™ and higher initial Cp-prop compared to the regular formulation. The modified ACAT model provided a useful approach to describe sublingual absorption of propranolol and clearly demonstrated an improvement of absorption of Promptol™. The sublingual 10 mg Promptol™ achieved not only a similar systemic exposure as 30 mg oral Inderal ® but an earlier effective Cp-prop which may be advantageous for certain clinical conditions.
INTRODUCTION
Propranolol, a nonselective β 1 and β 2 -adrenergic antagonist, has been used widely in the treatment of various cardiovascular diseases, including essential hypertension, ischemic heart disease, atrial fibrillation, and paroxysmal tachycardia for more than 50 years (1) . Propranolol is also often used for as-needed or shortterm treatment of performance/situational anxiety with accompanying tachycardia, e.g., day surgery, public speaking/performance, air travel, and taking examinations (2) (3) (4) (5) (6) . More recently, propranolol has also been shown to be effective in the prevention of post-traumatic stress disorder symptoms (7, 8) .
For most of the clinical uses, oral administration of an immediate release tablet, e.g., Inderal ® , is the primary mode of administration. However, the oral route is not well suited for acute conditions requiring rapid onset of action (e.g., for rapid control of tachycardia). Sublingual drug delivery may offer an attractive and convenient route of administration for such use. Because of thin mucosa (190 μm) and excellent blood flow in the sublingual region, rapid absorption leading to the rapid onset of action is possible following sublingual administration of propranolol, in view of its molecular size and lipophilicity (9) . In addition, the high liver first-pass effect of propranolol can also be avoided with the sublingual route, leading to a higher bioavailability, since the drug can be absorbed directly into the systemic circulation (10) . Not surprisingly, sublingual propranolol administration has been demonstrated to result in a higher bioavailability than that following oral administration of the conventional tablet (Inderal ® ) (11) .
In an attempt to further improve sublingual absorption of propranolol, a patented buffered propranolol tablet (Promptol™) based on "pH max " technology has been reported (12) . By incorporating suitable buffering agents in the formulation, the saliva pH can be targeted (at pH max ) to yield maximal drug solubility and permeability when the tablet is administered sublingually. Thus, such a tablet may potentially achieve rapid and improved plasma concentration leading to rapid action (e.g., reduce heart rate and controlling anxiety). A proof of this concept has been demonstrated in a previous pilot study in eight human subjects (13) .
Despite the proof of concept, the advantage of sublingual Promptol™ in bioavailability and absorption compared to the current standard practice of oral administration of the conventional tablet is unknown. Thus, the present study was carried out to compare 10 mg sublingually administered propranolol tablet (buffered specially formulation, Promptol™) to the orally administered immediate release tablet (Inderal ® ), using a randomized cross-over design in 20 healthy subjects.
Because there is no suitable pharmacokinetic model to describe drug kinetics following sublingual administration, we utilized a new approach, a modified advanced compartmental absorption and transit (ACAT) model which was developed previously for gastrointestinal (GI) absorption (14) , to describe and simulate the concentration-time curve as well as estimate the percentage of drug absorbed following sublingual administration (see "METHODS" below).
METHODS

Clinical Study Design and Subjects
The study was conducted using a single-dose, twotreatment, two-period, two-sequence, randomized, crossover design. Twenty healthy subjects were enrolled in this study and were assigned to two groups corresponding to two dosing sequences. All volunteers were fully advised of the nature, purpose, procedures, and possible risks of this study. An acknowledgement of the receipt of this information and the participant's freely tendered offer to volunteer was obtained by signing the informed consent form, which was approved by the Joint Chinese University of Hong Kong-New Territories East Cluster Clinical Research Ethics Committee.
The subjects were all male, nonsmokers, 18 to 60 years old, and within 15% of ideal weight. They were all in good health based on medical history, physical examination, electrocardiogram evaluation, and routine laboratory tests (including blood chemistry, hematology, and urine analysis). No evidence of any major organic/systemic disease including lung, hepatic, and cardiac disease was identified within 3 months, and no blood donation was involved within 4 months prior to the study. All participants were required not to take ethanol or caffeinated beverages during each study period (6 h prior to the study and during the study). All the subjects did not receive β-blockers or similar drugs in this class within 4 weeks before the study. Standard meals were provided no less than 4 h after drug administration. Alcohol was not allowed for the 24 h period before the study and until the last sample was collected. Subjects were monitored carefully at the study site at the time of study, and all adverse reactions were recorded.
Treatments
Promptol™ tablet 10 mg (batch no. DDC100105) administered to the study subjects was manufactured in compliance with GMP by Marching Pharmaceutical Ltd., Hong Kong. The reference product, Inderal ® brand of propranolol tablet 10 mg administered, was manufactured by AstraZeneca Co., UK.
Each subject underwent two sessions. During each session, they received either a single sublingual dose of Promptol™ tablet 10 mg or a single oral dose of Inderal ® tablet 10 mg. For sublingual administration of Promptol™ tablet, the medication was placed under the tongue, and at 15 min, the saliva (with dissolved drug) was swallowed with a glass of water (approximately 240 ml). For oral administration, the Inderal ® tablet 10 mg was swallowed with a glass of water (approximately 240 ml). Each treatment was separated by a 7-day washout period. Additionally, blood pressure and heart rate were assessed at baseline, 120, 240, and 600 min after dose administration.
Venous blood samples were collected from each subject at pre-dose (0 min) and then at 5, 10, 17, 30, 45, 60, 90, 120, 150, 180, 240, 300, 360, 480, and 600 min postdose. Each sample (4 ml) was collected via a catheter placed in the forearm vein and then stored in a lithium heparin tube. Blood samples were centrifuged immediately at 4,000 rpm for 10 min at 5°C, and then the separated plasma was transferred into two polypropylene tubes and stored at −80°C until assay.
Assay
Plasma concentrations of propranolol were determined by a high-performance liquid chromatographic (HPLC) method as described previously (13) . The HPLC system consisted of a Waters 600E HPLC pump and a Waters 464 fluorescence detector (Waters, USA) and a reversed-phase Thermo BDS Hypersil C 18 column (5 μm, 250×4.6 mm I.D.). The fluorescence detector was operating at λ ex 0285 nm, λ em 0345 nm; gain was set at 100; and the attenuation was set at 1. The mobile phase consisted of 0.05 M KH 2 PO 4 (pH 3.0, adjusted by 85% H 3 PO 4 ), methanol, and acetonitrile (42:43:15) and was delivered at a flow rate of 1 ml/min. The system was operated at the ambient temperature.
The validity of the assay method was assessed according to FDA guidance, with regard to the linearity, sensitivity, repeatability, stability, precision, and accuracy. The calibration curve of propranolol was linear over the concentration range of 0.50-50 ng/ml. The correlation coefficient (r 2 ) was greater than 0.99 with different runs. For quality control samples at concentrations of 5, 10, and 50 ng/ml, the intra-day relative standard derivation (RSD) values were 1.19-9.62%, whereas the inter-day RSDs were 3.93 to 9.58%. The accuracy (% bias) ranged from −6.54 to 12.83%. The lower limit of quantification was found to be 0.5 ng/ml for propranolol.
Pharmacokinetic Analysis
The plasma concentration-time data were analyzed by non-compartmental method (with the aid of computer program WinNonlin, version 2.1, SCI software). The major pharmacokinetic parameters were: 1. C max : peak drug concentration, obtained directly from the original concentration-time data 2. T max : time to peak drug concentration, obtained directly from the original concentration-time data 3. AUC 0-last : area under the concentration-time curve from time zero to the last sampling time t obtained by trapezoidal rule 4. AUC 0-∞ : area under the concentration-time curve from time zero to infinity, where AUC 0-∞ 0AUC 0-t + C t /λ z 5. T 1/2 : terminal elimination half-life, calculated as 0.693/ λ z , where λ z was the terminal phase elimination rate constant 6. F: relative bioavailability for the sublingual Promptol™ tablet to oral Inderal ® tablet was determined as
The computational program Gastroplus (version 6.0, Simulations Plus, Inc., Lancaster, CA, USA) was utilized for fitting of the data (see "Methods") with slight modification. The program consisted of a system of coupled linear and nonlinear rate equations to simulate the drug's in vivo profile in the body based on the original ACAT model which described the human gastrointestinal tract drug transit in nine compartments (stomach, seven segments of small intestine, and colon) with the following equation to estimate drug mass absorbed (M abs ). where α(i) is the absorption scale factor (ASF) in compartment i (nominal value is surface/volume, which is 2/R i (R i 0 radius of compartment i)), P eff(i) is the permeability in compartment I, V lum(i) is volume of lumen, and C (t)lum(i) and C (t)ent(i) are lumen and enterocyte concentration, respectively. The values for these parameters were reported previously (15, 16) . From the original ACAT model, additional compartment (oral cavity) was incorporated with the parameters being set as pH of 7.4 and transit time of 15 min, and the user defined ASF of 0.7 which was previously tested to generate the best fit (the oral cavity pH 7.4 was an estimated mean value of pH max 7.6 and oral mucosal pH). This modified model was capable of simulating drug concentration following sublingual as well as gastrointestinal (oral) absorption (with drug at oral cavity being 0). The values for the physicochemical parameter (pK a , solubility, particle size, particle density, etc.) were based on the experimental data as well as the previous publications (see Table I ) (13) . The human physiologic parameters were generated using the program's internal population estimates for Age-Related Physiology module. The initial pharmacokinetic parameters, e.g., k e , V d , K 12 , K 21 , V 2 , were obtained from published intravenous dose (17) and the initial value of first pass extraction was estimated by incorporating the published oral dose with the intravenous data (13) . The initial value of sublingual permeation was obtained from the published sublingual dose (11) . The main plasma concentration data were recovered from the Cp-prop concentration curve, and the pharmacokinetic parameters were fitted using two-compartment mode which was able to provide the best fit.
The modified ACAT model with the initial values mentioned above was utilized to describe the mean plasma propranolol concentration-time curve of sublingual Promptol™ (10 mg and 40 mg), Inderal ® (40 mg), and oral Inderal ® (10 mg). For model fitting, the Cp-prop data of sublingual 10 mg Promptol™ and oral 10 mg Inderal ® were obtained from the current study. The additional sublingual 40 mg Inderal and Promptol™ Cp-prop data were obtained [16] [17] [18] [19] [20] [21] [22] are optimized values generated to achieve best fit after using initial values estimated from IV propranolol (see (17)) b For sublingual administration, total simulation duration is 7 h with 0.25 h sublingual absorption, followed by swallowing of saliva with dissolved drug, i.e., gastrointestinal absorption c Peff stands for effective permeation d Reduced to 47% with 40 mg dose administration from our previous study (13) which was also a cross-over study in healthy Chinese subjects. To carry out the simulation, an assumption was made that there was saturation of liver metabolism at higher doses. Thus, the first pass extraction for the 40 mg doses was reduced from 62% to 47% to account for saturation of propranolol metabolism (see Table I ). In addition, because of the special buffering effect of the Promptol™ formulation, its absorption rate from the sublingual area for Promptol™ was adjusted (using a higher value of absorption scale factor as that generated by in the GastroPlus ® Oral Cavity ACAT model). The rest of parameters remained same for all data simulations. The quantity of drug absorbed via buccal/sublingual mucosa was then estimated and compared as described by the model equation. The % absorption versus time obtained by the ACAT model was further compared to that estimated from a different method, the Wagner-Nelson method (18) .
Statistical Analysis
Analysis of variance (ANOVA) was performed on logarithmically transformed C max , AUC 0-last , and AUC 0-∞ . The sequence effect was tested using the between-subject effect as an error term. All other effects (subject, period, and treatment) were tested against the residual error from the ANOVA. Differences in plasma concentration and pharmacokinetic parameters between Promptol™ tablet and Inderal ® tablet were compared using paired-samples T test. A p<0.05 was considered statistically significant for all tests. The similarity factor (f2, see following equation) was employed to compare the % absorption profiles of WagnerNelson method versus that from the ACAT model with the f2 value between 50 and 100 being considered similar.
The residual analysis and quantile-quantile plot (QQ plot) were utilized to exam the quality of model. The weighted absolute residuals with weighting factor of
(y i denotes the ith observed value) versus predicted values were plotted, and no systematic trend in residuals was considered to be unbiased. The residuals ordered from the smallest to the largest against Φ −1 ((i−0.5)/n) (Φ −1 denotes the ith percentile of the normal distribution) and a linear QQ plot was considered to be normality.
RESULTS
Twenty male Chinese subjects enrolled in the study and 18 subjects completed both sessions of the study. Two subjects were excluded from the study due to the abnormal results in medical test and participation in extensive clinical trial prior to current study.
No serious adverse drug reactions were observed. All subjects experienced and tolerated transient mucosal irritation/tingling and anesthetic sensation under the tongue following sublingual administration of Promptol™ tablet 10 mg. No one withdraws from observed study due to this transient discomfort.
The mean propranolol plasma concentration (Cp-prop) curve following each formulation is presented in Fig. 1 . Promptol™ tablet (administered sublingually) achieved a significantly higher and earlier CP-Prop than the Inderal ® Tablet (administered orally). At 5 and 10 min, Promptol™ tablet reached a mean CP-prop of 1.69 and 8.04 ng/ml, respectively, in contrast to undetectable concentration at these times following Inderal ® (Fig. 2) . The values of individual AUC 0-15 were much higher following sublingual 10 mg Promptol™ than that following oral Inderal ® (Table II) .
The mean values of the pharmacokinetic parameters are summarized in Table III . Significantly higher C max , AUC 0-last , and AUC 0-∞ (p<0.05) were observed following sublingual administration, suggesting that the bioavailability and the absorption from Promptol™ tablet 10 mg were significantly higher and faster than that from the orally administered Inderal ® tablet 10 mg (see also absorption plot, Fig. 3 ). There were no significant sequence and period effects for C max , AUC 0-last , and AUC 0-∞ using ANOVA. However, a significant subject effect was observed for all three pharmacokinetic parameters, suggesting that the absorption and disposition of propranolol exhibit relatively large interindividual variability. Meanwhile, a significant treatment effect was also observed on all these parameters due to the significant differences on these pharmacokinetic parameters between the two formulations. The modified ACAT model described the plasma concentration profiles of oral and sublingual administration of propranolol (10 mg) sufficiently well as demonstrated by T max time to peak drug concentration, C max peak drug concentration, AUC 0-last area under the concentration-time curve from time zero to the last sampling time t obtained by trapezoidal rule, AUC 0-∞ area under the concentration-time curve from time zero to infinity, T 1/2 terminal elimination half-life, F relative bioavailability for the sublingual Promptol™ tablet to oral Inderal ® tablet, N/A not applicable goodness of fit for all four doses using visual criteria (Fig. 3 ) (19) . No systematic trend was observed in the plot of absolute residuals versus the predicted Cp-prop values which suggested that the simulated values by the model were unbiased (Fig. 4) . In addition, the resulting quantile-quantile plots showed approximate linearity between the expected normal residuals and the observed calculated residuals with no curvature which indicated that the residuals were consistent with the normal distribution. Based on this model, faster absorptive rate and greater mass of absorption were identified with sublingual Promptol™ when compared to sublingual or oral Inderal ® (Figs. 3 and 5 ). Following sublingual Promptol™ 10 mg, the total amount attributable to sublingual absorption was 4.1 mg (46.6% of total, Table IV), which was substantial considering only 15 min sublingual time (under the tongue) before swallowing the drug dissolved in the saliva. In comparing sublingual absorption of 40 mg Promptol™ to Inderal, the total amount of sublingual absorption was 16.4 mg (46.7% of total) for Promptol™ versus 10.6 mg (30% of total) for Inderal ® (Table III) . This represented 55% higher absorption from Promptol™ compared to Inderal ® . The consistency of the ACAT model in estimating absorption of propranolol at different gastrointestinal segments, following swallowing of drug dissolved in saliva from sublingual administration of different doses and formulations, is shown in Table V . The observed consistency of data from GI absorption of these two formulations from separate occasions further confirmed the reliability of the ACAT model. Comparison of these absorption plots and f2 values by ACAT versus WagnerNelson technique is shown in Fig. 5 . All of the f2 values were greater than 50, which indicated that there was no significant difference in the absorption curves estimated by these two techniques.
DISCUSSION
The results of the present study showed that sublingual Promptol™ achieved significantly earlier and higher Cp-prop compared to that from Inderal ® tablet without any observed serious adverse effects. These results confirmed the ability of sublingual Promptol™ (based on pH max technology) to achieve more desirable Cp-prop values, which could be advantageous for certain clinical conditions, e.g., rapid control of paroxysmal tachycardia/ situational anxiety.
Following sublingual Promptol™, double Cp-prop peaks were observed. The first peak occurred at a mean time of 17 min and second peak at about 120 min (see Fig. 3 ). The first peak is most likely due to rapid sublingual absorption and the second peak due to primarily GI absorption following swallowing of the drug dissolved in saliva. In contrast, only one peak (at about 120 min) was observed following oral administration of Inderal ® reflecting usual pattern of GI absorption of immediate release tablets.
To verify the contribution of the sublingual Promptol™ to rapid absorption and higher Cp-prop, the rate and total mass of propranolol absorbed via the oral cavity should ideally be determined. However, no simple experimental technique exists that can easily measure the amount of drug absorbed via the sublingual mucosa in human subjects. Kates estimated the absorption of a given dose of sublingually administered propranolol by determining the salivary drug content at different time points (i.e., estimate from sublingual dose administered minus the amount unabsorbed). However, such data do not indicate amount absorbed sublingually due to retention of drug in the mucosa (20, 21) . Our physiologically based pharmacokinetic model (the ACAT model) allows the estimation of the amount of systemic plasma drug absorbed via the oral mucosa at any given time. The data generated from this model showed substantial sublingual (oral cavity) absorption which contributed to the early rise as well as higher Cp-prop when compared to that following oral administration, with absorption only from the GI tract (Figs. 3 and 4) .
The present work to our knowledge is the first report of a kinetic approach to estimate the absorption of drug from oral mucosa following the usual sublingual route of administration in human subjects (i.e., placing the sublingual tablet under the tongue until dissolved and then swallowing the saliva containing the remaining dissolved drug). The ability of the ACAT model to generate consistent absorption data (among different conditions as well as between different dosage forms) together with excellent concordance of the absorption plot with that from the Wagner-Nelson technique (Fig. 4) are indications of the model's capability and reliability in estimating absorption of drug via sublingual administration. The current modified ACAT model not only can estimate propranolol absorption from the sublingual site but also from the GI tract.
The observed improvement in the rate and extent of propranolol absorption following sublingual Promptol™, compared to that following oral Inderal ® , is most likely attributed to superior drug absorption from the special formulation technology (pH max technology) (13) in combination with sublingual route of administration. The rationale for pH max technology (buffering technique not aimed at maximizing unionized species but optimum ratio of unionized to ionized specie for maximum solubilization and mucosal permeation) has been validated previously (13) . The results of the present study further confirm its utility. When using the ACAT model, the estimated sublingual absorption rates were 0.83 and 0.53 mg/min for Promptol™ versus Inderal ® sublingual administration (see Fig. 3b, c) , reflecting an increase of 56.6% from the Promptol™ tablet. This difference corresponded to a mean Cp-prop of 37.6 versus 17.5 ng/ml at 15 min following sublingual Promptol™ and Inderal ® tablet, respectively (see Fig. 3b, c) . These data clearly demonstrated the enhanced absorption from Promptol™, consistent with the expectation from the pH max technology.
Sublingual administration can lead to improved absorption (bioavailability) compared to oral administration for a highly permeable drug like propranolol. This was clearly demonstrated by Duchateau et al. in a previous study in healthy subjects (11) . In that study, although the peak time following these two routes of administration was similar (at about 2 h), careful inspection of the representative drug concentration-time curve showed substantially higher concentration at early time points following sublingual compared to oral Inderal ® 10 mg (11). However, in comparison with our data, sublingual Promptol™ 10 mg appeared to achieve even a higher Cp-prop at the early time points, consistent with improved mucosal permeation/absorption using the pH max technology.
Based on comparative bioavailability of AUC 0-t or AUC 0-∞ ratios, the mean bioavailability of the 10-mg sublingual Promptol™ tablet is about 3.00±1.27-fold of Further analysis of AUC ratios from individuals receiving 10 mg sublingual Promptol™ to corresponding AUC×3 of 10 mg oral Inderal ® (assuming dose proportionality, as per previous publications (22)) using two-sided one tail T tests showed the geometric mean ratio for AUC 0-last to be 92.9% (90% CI, 83.6-119.8%) and AUC 0-∞ , 91.70% (90% CI, 82.6-117.4%). Such data analysis consistently showed the overall bioavailability from sublingual Promptol™ to be 3-fold greater compared to oral Inderal ® . Furthermore, the AUC 0-15 min data (Table II) showed convincingly a significantly higher early concentration with Promptol™. Taken together, our study results may provide useful application in certain clinical conditions. For example, in situational/performance anxiety with tachycardia, a 30-mg oral dose propranolol (Inderal ® ) is recommended for its short-term treatment (23) ; an earlier response, potentially The amount of propranolol free base is 8.8 and 35.1 mg in 10 and 40 mg of propranolol · HCl, respectively SL sublingual, N/A not applicable, GI gastrointestinal within 10 min (compared to 30 min with an oral dose), may be possible with Promptol™ and concurrently achieve a concentration needed for heart rate reduction (about 3 ng/ml (24)). Currently, intravenous propranolol (1 mg/ml) is recommended for acute treatment of tachycardia for urgent conditions (25) . Previous study showed that a 10% reduction in heart rate can be expected at 5 min after a 0.05 mg/kg intravenous dose (26) with a corresponding Cp-prop about 16.6 ng/ml (27) . Similar concentration can be reached at about 7 min after 40 mg sublingual Promptol™ (Fig. 3) , while it would take more than 1 h to achieve such similar concentration if administered orally. Thus, sublingual Promptol™ may be considered as an alternative to intravenous propranolol in certain patient settings where a 50-min lag time is to be avoided (if administered orally). This potential benefit of early effect is consistent with observation of a 15% reduction in heart rate as early as 10 min with the use of 40 mg sublingual propranolol reported by others (28) .
Sublingual Promptol™ may cause minor local irritation (mild but tolerable, numbness, and tingling sensations) which were experienced by majority of our study subjects. Similar side effects and tolerance were also observed by others receiving sublingual propranolol (10-40 mg) (11, 28) . In view of this easily tolerated effect and no other major observed problems in our study subjects, we believe that a short-term use of sublingual Promptol™ 10 mg tablet is likely to be relatively safe (in patients without cardiac decompensation) and could provide advantage therapeutically in certain situations. Previous experience of oral propranolol at doses of 500 mg or greater in many patients further attests to this safety projection (29) .
CONCLUSION
Sublingual administration of Promptol™ tablet 10 mg (for 15 min followed by swallowing of dissolved drug in saliva) resulted in a significantly quicker absorption, higher plasma concentration, and greater AUC (about 3-folds) as compared to orally administered Inderal ® tablet 10 mg. The observed improvement in Cp-prop following sublingual Promptol™ was attributed to the rapid and substantial absorption of propranolol from oral cavity, based on estimation/simulation of a physiology-based model, ACAT model, which was able to reliably predicted the drug absorption from sublingual mucosal oral cavity and gastrointestinal segments over time. The above results support the potential utility of sublingual Promptol™ to improve therapy in certain condition, e.g., acute use for situational/performance anxiety and tachycardia associated with various conditions for which oral propranolol is indicated. The portion for total gastrointestinal absorption form different products was set as 100% regardless of the dose absorbed sublingually SL sublingual, GI gastrointestinal
